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NTRODUCTION
Noise, defined as an unwanted or unpleasant outdoor sound generated by human activity, is one of the main environmental problems all over the world [1] . Noise pollution is especially important in places where people carry out their activities. The case of the cities is particularly interesting, where a conflict of interests is presented: on one hand, high noise levels are created because of the existence of human activities and, on the other hand, low noise levels are necessary to enable people to rest. The composition of urban noise is complex due to the superposition of a great variety of sounds which are originated by different sources and is therefore characteristic of each particular area. The complete range of sounds that characterise a city is usually called urban soundscape and was introduced by Schafer [2] . In every case, the main contribution to the urban soundscape is supplied by noise transport (road traffic, aircraft and railway noise), and the rest of the noise components (ranging from the ringing of a bell to the conversation of a group of people on the street) are added to this main noise source. So, when we are talking about acoustic comfort in buildings it would be interesting to discuss how to reduce transport noise in cities.
Generally speaking, noise control can be carried out in each of the three phases into which noise propagation may be divided: (i) noise generation at the source; (ii) transmission of noise from source to receiver and (iii) noise reception. In the case of transport noise, the best and cheapest solution is to act on the noise source, reducing its levels by means of the implementation of certain actions such as reduction of vehicles speed or the use of noiseabsorbing pavements. On the other hand, as regards noise reception, we have to consider sound insulation of buildings. Although it seems quite a good strategy in the case of new buildings, noise insulation cost is much higher when we refer to the case of old dwellings.
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3 Moreover, these previously mentioned noise control actions can only be applied to control the inside of houses, thus preventing the enjoyment of outdoor areas such as gardens or terraces.
The last action framework in noise control is to act in the phase of noise transmission from source to receiver, i.e. from the noise created in the streets by transport all the way to the buildings, including their outdoor recreational areas. The main existing tool to reduce noise in this phase is the use of acoustic barriers (ABs), defined as a continuous rigid material with a minimum superficial density of 20 kg/m 2 [3] . The acoustic effect of ABs can be explained as follows: the transmitted noise travels from the source to the receiver in a straight line. This path is interrupted by the AB when it is placed between the source and the receiver. A portion of the transmitted acoustic energy is either reflected or scattered back towards the source, and other portion is transmitted through the barrier, diffracted from the barrier's edge or absorbed by the material of the barrier (see Fig. 1a ). However, the use of ABs in urban areas is associated with several drawbacks: on one hand, the placement of continuous walls in cities presents aesthetic and communication problems related to both the breakdown of the cityscape and the physical isolation of the acoustically protected areas. On the other hand, the state of technology in the field of ABs nowadays does not guarantee a specific protection for each kind of noise because they are not able to distinguish the noise to be controlled, as because the same screen can be used to protect noises as different as a truck noise or an ambulance siren warning. These drawbacks make the use of the current ABs inappropriate in urban areas for noise control in buildings. In the last decade, the discovery of new materials has enabled the development of new devices devoted to noise control. One of these materials is a composite generally called Sonic Crystal (SC), formed by periodic arrays of acoustic scatterers separated by a predetermined lattice constant and embedded in air. In Fig.1b we show a plan view of an SC with the main parameters of the array formed. The SC adds a new noise control mechanism based on the structuring of the scatterers which is different from what was previously known. Due to this new mechanism, there are ranges of frequencies where the wave propagation through SC is forbidden, called band gaps (BG), and their existence can be explained using a Bragg scattering process [4, 5] . Both the size and the position of the BG in the frequencies domain basically depends on the geometrical characteristics of the array, the lattice constant p, and the radius of the cylinders r. SCAS can be seen in Fig.1(c) . Among the properties of these devices in terms of noise control the following may be mentioned, (i) SCAS are discontinuous materials derived from a sculpture and, consequently, the aesthetic aspects are improved, at the same time giving visual continuity to the urban landscape [6] ; (ii) from the technological point of view, SCAS allow the inclusion in their acoustic design of different noise control mechanisms as absorption or resonance together with the BG, intrinsic of these materials, such that all the mechanisms involved in the design of SCAS work constructively and separately. This fact is usually called tunability [7] and, as a consequence, the designer can choose the frequency range in which each of the noise control mechanisms must act, allowing the design of customized SCAS for each type of noise. These facts have led to the homologation of various SCAS that are acoustically competitive with respect to the current ABs [8] . One example in the use of SCAS can be seen in the Eindhoven A2 ring road,
where Van Campen Industries have placed 22,000 m 2 of SCAS with high acoustic performance, formed by rock wool cylinders wrapped with aluminium perforated sheets.
Some images of this SCAS can be seen at [9] . In their design and construction, two noise control mechanisms are involved: BG and absorption.
Several theoretical approaches have been made to characterise the acoustic behaviour of SCAS, such as the Multiple Scattering Theory (MST) [10] [11] [12] , the Plane Wave Expansion (PWE) [13] , the Finite Difference Time Domain (FDTD) [14] , the Finite Elements Method (FEM) [15] or the Method of Fundamental Solutions (MFS) [16] . However, the SCAS design is not easy due to the complex acoustic phenomenology involved, and the current theoretical models named above are not suitable because they have been developed
for research purposes only. Thus, some restrictions such as the consideration of infinite arrays or the assumption of scatterers with infinite length are taken into account in these models, allowing the simplification of the problem by means of transforming a threedimensional (3D) case into a two-dimensional (2D) one, very distant from real situations.
Admittedly, the numerical models developed enable the analysis of 3D cases, but usually at a high computational cost. Therefore, the development of design models reflecting the real working conditions of SCAS at a low computational cost seems necessary in order to meet the possible demand that installing this new kind of AB produces in the world of acoustic engineering. These models should consider all the acoustic phenomena related to the particular SCAS that is being designed, which means that the supposition of the real 3D case should be taken into account. In this sense, an overlapping model [17] developed using the Finite Elements Method (FEM) to design real SCAS has recently been presented.
This model responds to the above requirements providing a designing tool to analyse real cases, which are easy to use and are at a low computational cost.
In this paper we present the implementation of the overlapping model mentioned above to the case of a new design of SCAS that are more powerful than the Eindhoven barrier named previously. In such SCAS we have considered three noise control mechanisms: BG, absorption and resonances besides considering diffraction at the upper edge of the screen.
Several cases have been analyzed, adding different noise control mechanisms one by one to the scatterers, following the idea of tunability. We have named scatterers that are formed in this way 'multi-phenomena scatterers'. We also present a practical application of the model, where the diffraction at the upper edge of the device is reduced using the destructive interference mechanism in a predetermined range of frequencies. We provide numerical predictions obtained with the overlapping model, which is validated in the most
complex case with experimental results. As an example, we have considered here a SCAS formed by an array of cylindrical multi-phenomena scatterers arranged in a square array.
These systems are widely used in research due to several reasons such as their simplicity, their size or the high amount of symmetry of the cylinders [8, 17] .
The paper is organized as follows: First, the experimental set-up used to validate the numerical results is presented. Afterwards, we explain the implementation of the overlapping model to the case analysed here. Numerical results as well as the comparison with the experimental ones are analysed and discussed in the next section. Finally, the last section contains the concluding remarks, where the results are summarised.
EXPERIMENTAL CHARACTERIZATION
To 
NUMERICAL OVERLAPPING DESIGN MODEL
As we have explained previously, the design model presented here is based on the idea of tunability, which means that the different noise control mechanisms involved in the problem can be separately treated. This fact allows us to split the real three dimensional problem into some two dimensional analyses, which are easier to study without interferences from the others and at a low computational cost. Finally, the resulting total complex acoustic pressure of the three dimensional case can be calculated by combining the partial complex pressures obtained at each one of the two dimensional cases. A complete explanation of the model is presented in reference [17] . To develop the model and to obtain the numerical predictions, the commercial software COMSOL Multiphysics has been used throughout the study.
To illustrate this methodology, we have modelled the proposed SCAS explained in the previous section. We will present different scatterer configurations, progressively adding new noise control mechanisms, specifically resonances and absorption. This variation is easy to implement in our model simply by activating or deactivating different domains contained therein, as we will see in the next section. In our analysis, the complete geometries of both two dimensional cases, including all the mechanisms considered, are shown in fig. 3 (a) and fig. 3(b) , with the different mechanisms involved assigned to each one of them. On one hand, the mechanisms related to the composition of the scatterers (BG, absorption and resonances) have been assigned to the geometry shown in fig. 3 (a).
This assignment can be easily understood taking into account that the composition of the scatterers remains unchanged in the direction of the axes of the cylinders (OZ direction in our model), and the system could be considered as a two dimensional case (OXY plane).
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We have called this first geometry "plan view". As one can see, the geometry is formed by a section of the SCAS considered, perpendicular to the axes of the cylindrical scatterers, so that they are represented by circles including all the noise control mechanisms considered.
In the inset of fig. 3 To develop the second objective of the paper, which is the practical use of our model to design a solution to reduce the diffraction at the upper edge of the SCAS using destructive interferences, a set of empty rigid cylinders (red colour in fig. 2(b) ) with radius r 1 and wall thickness e 1 is included in the model, located perpendicularly and on the top of the cylindrical scatterers. We have called them tuned solution. These cylinders are viewed in the sectional view as a set of circles, and they are arranged near the back boundary of each multi-phenomena scatterer in order to reduce the diffraction. The distance h 1 between these cylinders and the cylindrical scatterers has been chosen to decrease diffraction at a frequency f=515 Hz, which is the Bragg's frequency of the first band gap.
The geometrical domain in fig.3(a) where the plan view of the SCAS considered is represented and confined by two completely reflected lines at the upper and lower boundaries and separated by the lattice constant of the array p. This artifice produces the effect of a semi-infinite array of cylinders, and has been successfully used in several analysis related to SC [7, 21] .
With these conditions, we have numerically calculated the total complex acoustic pressure for each two dimensional model, p t , which can be expressed as
where p o is the complex acoustic pressure of the incident wave given by the starting conditions of the problem, and p s is the scattered complex pressure given by the scattered wave produced inside the domain due to the interaction between the incident wave and both the geometry and the physical properties of the sample. The characteristics of the mesh and the number of degrees of freedom will depend on the case considered, and will be explained in each of the problems solved. Taking into account that both the SCAS used in the numerical calculations and in the experiments have the the same geometrical characteristics, it is possible to compare them to validate the numerical model developed.
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However, some discrepancies can appear in the comparison due to the finite size of the experimental sample.
To acoustically contrast the different devices proposed, we have calculated the acoustic attenuation at a point located with coordinates (0.11, 0, -0.30) m from the back edge of the last cylinder that form the 2DSC (see fig.3(b) ). The reason for deciding that this point should be so close to the SCAS is for checking the effect of the diffracted wave. The The IL spectra are represented in fig.4(d) where the high quality of the results is shown. In both cases it is possible to see the resonance peak that appears around f=200 Hz due to the geometrical characteristics of the resonator proposed, and the existence of the BG around f=515 Hz, showing the good performance of both mechanisms according to the tunability idea. Note that the position of the resonance peak can be moved in the frequencies range by changing the geometrical characteristics of the resonator created. Moreover, in fig.4(d) one can see the increase of the IL when the tuned solution is activated (red dotted line) compared with the case where the tuned solution is deactivated (black continuous line). (developed with FEM) proposed by us in reference [10] , the computational cost is around 5 hours. Finally, for our overlapping model this cost is around 1.5 hours. Note that this last computational time can be reduced because it is not necessary to recalculate both 2D models in all cases: if, for example, we want to analyse some solutions to reduce diffraction at the upper edge, we only have to recalculate the 2D sectional view, because the 2D plan view not change. Thus, it is possible to reduce much more the computational time in our overlapping model.
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CONCLUSIONS
An application of an overlapping model to design SCAS formed by cylindrical scatterers embedded in air, taking into account the complex acoustic phenomenology that appears in the real use of this new kind of barrier, is presented in this paper. SCAS can be used in noise control in buildings to reduce the most important type of noise that appears in cities, i.e. the transport noise, for aesthetic and technological reasons due to the fact that these barriers come from a sculpture and are versatile enough to be Technologically advanced Sonic Crystal Acoustic Screens are proposed.
An overlapping model to design these real three-dimensional screens is present.
The model presented enables the inclusion of any new mechanism of noise control.
